Abstract. The development of nanoscale materials for optical chemical sensing applications has emerged as one of the most important research areas of interest over the past decades. Nanomaterials exhibit highly tunable size-and shape-dependent chemical and physical properties, show unique surface chemistry, thermal and electrical properties, high surface area and large pore volume per mass unit area. Because of their unique and advantageous features they can help to improve sensitivity, response time and detection limit of sensors. In this review, recently developed photoluminescence-based optical chemical nanosensors are presented. Some future trends of the nanomaterial-based optical chemical sensors are given.
Introduction
Optical chemical sensors may be divided into a several subgroups depending on the working principles applied. In fact, practically all spectroscopic methods can be used. A large group of optical chemical sensors relies on the use of indicators which are immobilized in (or on) a polymeric support and this 'smart' material responds to the species of interest by altering its optical properties. The sensor characteristics can be tuned not only by the choice of the indicator and polymeric support but also by merely reducing the size (< 100 nm). This is because materials that are smaller than the characteristic lengths associated with the specific phenomena often display new chemistry and new physics that lead to new properties that depend on size. Perhaps one of the most intuitive effects is due to the change in the surface-to-volume ratio. When the size of the structure is decreased, this ratio increases considerably and the surface phenomena predominate over the chemistry and physics in the bulk. Therefore the sensor characteristics, such as sensitivity [1] and response time [2] can be dramatically improved.
Literature [3, 4] defines an optical nanosensor as a device with dimensions smaller than 1 µm that is capable to detect chemical or biological parameters by optically transforming the information into an analytically useful signal. However, the nanotechnology deals with the study and application of structures of matter with at least one dimension of the order of less than 100 nm [5] . Here we will use the term nanosensors strictly for less than 100 nm sized particles that are used in sensing applications. This is also due to the fact that beads bigger than 100 nm behave similarly to bulk film optrodes. In contrast, sensing beads smaller than 100 nm show improved sensing characteristics [6] .
The nanosensors consist of an inert, for intracellular measurements biofriendly matrix, in which a sensing component and/or an optical reporter are entrapped. The transduction method of choice is currently fluorescence because of the high sensitivity and relative ease of measurement. Most of the nanosensors reported so far have used fluorophores that are sensitive and selective to the chosen analyte as the sensing component. More recently there have been signs that more complex sensing schemes are being developed, these utilize the capacity of the sensor matrix to accept encapsulation of more than one component, thus allowing a synergistic approach to be employed [4] . Nanoparticles containing indicator dyes can either be used directly as nanosensors or as components of optical sensor materials. Most of nanosensors known as PEBBLEs (Probes encapsulated by biologically localized embedding) have been designed for making quantitative measurements in the intracellular environment as they are small enough to be inserted into living cells with a minimum of physical perturbation [7, 8] . PEBBLES have many advantages over widely used fluorescence dye based methods, such as: a) increased number of analytes that can be measured because nanosensors are not limited to using a single fluorophore and can utilize cooperative interactions between ionophores, enzymes, reporter dyes etc., b) the matrix protects the intracellular environment from any potentially toxic effects of the sensing dye, c) the matrix protects the sensing dye from potential interferences in the cellular environment, e.g., non-specific binding proteins and organelles, d) no selective sequestration of nanosensors into cellular compartments or leaking from, or being pumped out of, cells, e) enhanced ability to carry out ratiometric measurements, f) the in-vitro calibration of nanosensors is valid for in-vivo measurements [4] . When dyed nanoparticles are used as components of optical sensor, multi-analyte sensing becomes possible since several types of beads (e.g. pH-sensitive and oxygen-sensitive) can be incorporated into one polymer.
Nanosensors pose advantages, such as improved sensitivity, response time and ability to perform in-vivo measurement. However, the dark side of using 'free' nanosensors for in-vivo measurements needs to be considered. Nanoparticles are very different from their everyday counterparts, so their adverse effects cannot be derived from the known toxicity of the macro-sized material. The prime concern is the retention of these particles in the body and the harmful effect in the long run [9] since nanoparticles can be responsible for a number of material interactions that could lead to toxicological effects [10] .
By being able to fabricate and control the size, morphology and surface characteristics of nanoparticles, it could be possible to influence the resulting properties and, ultimately, design materials to give desired properties. The optical properties that can be controlled at the nanoscale are of great interest in the field of optical sensor designing [11] . Some optical chemical nanosensors rely on quantum dots [12] , metal beads [13] and other materials; however, most of them make use of indicators embedded in polymer beads [14] [15] [16] [17] [18] [19] [20] [21] and sol-gels [22, [23] [24] [25] [26] [27] [28] .
Application of optical chemical nanosensors
In the following section, the recently developed photoluminescence-based optical chemical nanosensors will be described based on polymers and sol-gel materials. The applications highlight the most important sensor characteristics, such as the type of indicators and matrices used, dynamic range, response time, limit of detection, indicator leaching, operational lifetime, interferences, etc. and give some of their critical viewpoints.
Nanosenors for pH Determination of the pH has a critical importance for a wide range of applications, namely in the medical, environmental and biotechnological fields [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] . The most common pH sensors are electrochemical devices (glass electrodes). Although they can be reliable analytical tools in many situations, the use of those for intracellular measurements is limited. In the field of biology and medicine, sensors able to monitor pH in real time are in great demand, as they can be used for the general understanding of biological processes and for biomedical diagnostic [42] .
Recently, a lot of work has been done on optical pH-sensitive micro- [17, 19, 23, [42] [43] [44] and nano-sensors [22, 26, 27, 45, [46] [47] [48] . Here, the latter will be discussed since they are less than 100 nm sized. 
Several sol-gel pH nanosensors were prepared by microemulsion procedure [22, 26, 27, [46] [47] [48] [49] and one by Stöber [45] . Wang et al. [26, 46] designed pH sensors using the doping technique for the immobilization of indicators in sol-gel nanoparticles. Although leaching can be a serious problem, in this case, it has not been tested. The pH dynamic range of sensing nanoparticles (60 ± 4 nm) is between 5.0 and 10.0 [46] and between 4.0 and 8.0 for nanosensors (30 ± 4 nm) based on Fluorescein indicator [26] . The response time (5 minutes) for both sensors is quite long compared to other pH nanosensors (Table 1) , even compared to macro-sized pH optical sensors [50] .
Different approaches can be used to prepare ratiometric sensors as shown in Fig. 1 . This method overcomes the problems (fluctuations in light source intensity of the instrument, photobleaching of the analyte-sensitive dye, drifts in the optoelectronic setup and background fluorescence) associated with intensity-based measurements [51] [52] [53] [54] [55] [56] [57] [58] [59] . Prasad et al. [47] designed ormosil nanoparticles (33±6 nm) in which the ratiometric pH-responsive dye is covalently immobilized. Peng et al. [27] and Burns et al. [45] developed two-fluorophore-immobilized nanoparticles sensors. The first author used fluorescein isothiocyanate as indicator dye that was covalently crosslinked with the network formed by the hydrolysis of TEOS and APTES, while tris(2,2′-bipyridyl) dichlororuthenium(II) hexahydrate (reference) was entrapped simultaneously inside the same nanosensors (42 nm) by electrostatic interaction. The second author synthesized a nanosensor (70 nm) via a modified Stöber method incorporating a reference (tetramethylrhodamine isothiocyanate) and an indicator dye (fluorescein isothiocyanate) covalently bound to the matrix in the core-shell architecture. In this case, the pH sensor is composed of a shell of covalently bound indicator-dye molecules surrounding a core of sequestered, covalently bound reference-dye molecules. What is interesting is that although both authors used covalent immobilization, Peng et al. [27] reported extensive dye leakage. Although optical pH sensors are usually strongly dependent on the ionic strength [60] , the studies [27, 45, 47] did not present this.
Fig. 1
Types of ratiometric approaches: a) ratiometric indicator dye is immobilized in the nanoparticle; b) indicator and reference dye are immobilized inside the nanoparticle; c) reference dye is immobilized (covalently attached or doped) in the nanoparticle, and the indicator dye is covalently bound to the nanoparticle surface; d) in the core-shell system, the reference dye is immobilized in the core and the indicator dye is immobilized in the shell.
Two different approaches have been used for the development of polymeric ratiometric pH nanosensors [22, 48] . In the first case, a reference dye (Rhodamine B derivate) and a pH sensitive dye (AF) were covalently embedded in polyacrylamide nanoparticles (50 nm) [22] . Allard et al. [48] presented a pH sensor based on polystyren nanoparticles, in the 20 nm range, with a hydrophobic reference dye (1,9-diphenylanthracene) embedded within the particle and the indicator dye (FITC) covalently attached to the surface. In this case, the pH sensor may retain many of the drawbacks related to free fluorescent dyes because the indicator molecules are not protected from the cellular environment. It would be interesting to know if the photostability of the covalently attached indicator to the nanoparticle surface is improved compared to the free indicator.
Nanosensors for oxygen Oxygen is undoubtedly one of the most important analytes. Particularly, determination of dissolved oxygen is of utmost importance in many fields of science and technology [61] including biotechnology [62] [63] [64] [65] [66] [67] , biology [68, 69] , marine science [70] [71] [72] [73] [74] , and in medicine [75] [76] [77] [78] . Recent interest in the methods for measuring dissolved oxygen concentration has been focused mainly on optical sensors, due to their advantages over conventional amperometric electrodes in that they are faster and do not consume oxygen [79] . The principle behind the operation of these sensors is the reduction in luminescent intensity as a consequence of oxygen quenching of the emitting state. The sensor optode, either in typical microparticles type [2, 19, 80, 81, 82] or in recent nanoparticle type [6, 18] , consists of dye entrapped in a matrix with a high permeability to oxygen. Borisov et al. [6] showed that different polymer nanoparticles (size 44-55 nm), depending on their gas permeability, embedded with iridium (III) coumarin, could be used as oxygen nanosensors. However, the characterisation of these sensors should be included. Cywinski et al. [18] prepared ratiometric polystyrene-based oxygen nanosensors (20.9 ± 7.1 nm). Platinum(II)mesotetra(pentafluorophenyl)porphine was used as an indicator dye whereas N,N-bis(1-hexylheptyl)perylene-3,4:9,10-bis-(dicarboximide) was used as a reference dye. Some additional tests, such as leaching, photostability, storage stability, reversibility should be done. Table 2 summarizes the recently developed ion nanosensors. Lead is one of the most toxic heavy metals, and it is particularly dangerous for its effects on children. Therefore, the determination of lead in low concentrations is important. Mancin et al. [25] 2+ is a very important element for hemopoiesis, metabolism, growth, and immune system [83] . On the other hand, excess copper concentrations are extremely toxic. The detection of trace amounts of copper ion is of increasing importance in light of its environmental and biomedical implications. Nanosensors for the detection of Cu 2+ ions typically combine two components: a metal chelating molecule designed to bind the target ion selectively and a fluorophore as a readout system. The chelating molecules and the fluorophore are both covalently linked on to the surface of nanoparticle [84, 85] or the fluorophore is entrapped inside the nanoparticle [86, 87] . Tecilla at al. reported the use of two different metal chelating ligands, picolinamide [84] and (2-pyridinmethyl)-glycinamide [85] , and the same fluorescent dye (danslyamide) for the surface modification of silica nanoparticles. The interference for both sensors is Ni 2+ . Larpent et al. [86] described the concept of associating an efficient fluorescent reporter, a BODIPY derivative, and an excellent metal-chelating receptor, cyclam, in polymer nanoparticles. The hydrophobic dye is entrapped within the particle core and the receptor, covalently linked to the polymer backbone, is mainly located near the surface. The detection is based on the quenching of fluorescence by energy transfer from the dye to the receptor-target complex that occurs when the absorption band of the complex overlaps the emission band of the dye. In this case, the Ni 2+ ions did not interfere. Core-shell type dual fluorescent nanoparticles (NPs) in the 16 nm diameter range with a selective ligand (cyclam) attached to the surface and two fluorophores, 9,10-diphenyl-anthracene (donor, D) and pyrromethene PM567 (acceptor, A), embedded within the polymer core were synthesized [87] . Dual-dye-doped fluorescent NPs permit the design of cascade FRET-mediated sensing devices. The two sequential FRET processes, the energy transfer from D to A, and quenching of the resulting sensitized emission of A by copper complexes that are formed at the NP surface, provide an efficient means to sense copper ions by monitoring the quenching of the acceptor dye upon irradiation at the donor excitation wavelength. This sensor is highly selective towards other divalent cations.
Nanosensors for ions
Huan et al. [88] have developed a Cu 2+ sensor based on a fluorescent ligand (N-(quinoline-8-yl)-2-(3-triethoxysilyl-propylamino)-acetamide) which acts as both binding and readout system. Zinc is the second most abundant trace element in humans behind iron. Most of the zinc found in the body is bound to proteins such as carbonic anhydrase or zinc finger proteins. Zinc has been implicated in Alzheimer's and Parkinson's disease [89, 90] and as a neuromodulatorf [91] . In addition, zinc has been found to perform structural functions in some enzymes and found to act as a Lewis acid in others [92] . The amount of zinc can range throughout the body from nanomolar concentrations in the cytosol of certain cells to millimolar concentrations in some neuronal vesicles [93] . However, the full extent of zinc's purpose in the body remains unclear. Therefore the development of nanosensors is required to further elucidate the role of zinc in vivo. MPS -(mercaptopropyl)triethoxysilane DAP -9,10-diphenyl-anthracene PM567 -pyrromethene
Two different nanosensors for the detection of Zn 2+ have been reported [21, 28] . Kopelman et al. [21] designed a polyacrylamide PEBBLE sensor, containing immobilized Newport Green as the indicator dye and Texas Red-dextran as the reference dye. The maximum response to zinc (percent increase in the 'intensity ratio') is 50%, which is less than observed with the Newport Green dye in solution (which has an increase of approx. 250%). It is obvious that the matrix is affecting the sensitivity of the indicator dye. But on the other hand, the matrix is preventing the indicator dye to react to non-specific bindings of proteins, such as bovine serum albumin, which is a prime advantage of the PEBBLE sensors compared to free dye, especially for cellular analysis.
Mancin et al. [28] selected the 6-methoxy-8-(p-toluensulfonamido)-quinoline (TSQ) as the active unit for the preparation of Zn 2+ sensing silica nanoparticles via the Stöber-Van Blaaderen procedure [95] [96] [97] [98] [99] [100] . The Coumarin 5 was used as reference dye covalently linked to silica network. The sensor suffers from the Cu 2+ interferences and, to a minor extent, from Cd 2+ . Iron is an integral metal ion in several physiological processes involving electron transfer and oxidation. Iron can be both beneficial and cytotoxic. Numerous enzymes use iron as a cofactor for hydroxylation, oxygen transport, DNA synthesis, hydrolysis, etc. [93] . Because of iron's vital role in a number of proteins, deficiency during the developmental stages can lead to irreversible loss of motor skills and has been linked to behavioral alterations in iron deficient rats [101] [102] [103] . Accumulation of iron in the central nervous system has been implicated in a number of diseases. Therefore the development of sensors that allow in situ measurements would be beneficial. A PEBBLE sensor based on Alexa Fluor 448 (indicator dye) and Texas Red (reference) immobilized in polyacrylamide nanoparticles for the detection of Fe 3+ ions have been introduced [20] . What is surprising is that the reference dye is quenched by 20% in the presence of 1 µM copper.
Changes in intracellular ion concentrations accompany many processes in living cells, including transport, signalling, and enzyme function [104] [105] [106] [107] [108] . A magnesium-sensitive PEBBLE, which contains immobilized Coumarin 343 as the indicator dye, and Texas Red-dextran as a reference dye, has been reported [94] . The interference from calcium is a major complication of current strategies aimed at the measurement of magnesium concentrations in biological environments [109] [110] [111] . The results show that the Coumarin 343 is insensitive to Ca 2+ ions. A fluorescence-based calcium nanosensor was described [24] that exploits silica nanoparticles (prepared by inverse microemulsion polymerization) doped with calcein as indicator dye for the determination of Ca 2+ in blood serum. It is surprising that the effect of pH on the fluorescent intensity of nanosensor was not tested in the clinically important pH range (6.6-7.8) [112] . Some other 'nano' sensors for the detection of different ions have been published [113] [114] [115] [116] but are not commented here since the dimensions of those optrodes are bigger than 100 nm.
Nanosensors for other molecules A nonenzymatic sensor for glucose based on amino-functionalized luminescent silica nanoparticles (LSNPs) doped with the europium(III) mixed complex, Eu(TTA)3phen with 2-thenoyltrifluoroacetone (TTA) and 1,10-phenanthroli-ne(phen) was reported [117] .
Lapresta et al. [14] developed a fluorescent polyacrylamide nanosensor for the determination of non-steroidal anti-inflammatory drug naproxen. The fluorescent monomer, (E)-4-[4-(dimethylamino)styryl]-1-[4-(methacryloyloxymethyl)benzyl]-pyridinium chloride (mDMASP) was used as an indicator. Upon the immobilization of the indicator into a polymer nanoparticle the sensitivity and detection limit were reduced. Because of the relatively high detection limit those nanosensors could only be used in wastewater or industrial routine tests.
For the detection of dipicolinic acid, a chemical marker for bacterial spores, silica nanosensors have been developed based on Eu-complex [118] and Tb-complex [119] . In both cases, the EDTA ligand is covalently attached onto the surface of silica nanoparticles doped with reference dyes, such as fluorescein isothiocyanate (FITC) [118] or Ru-complex [119] . Interferences resulting from nonselective binding of aromatic ligands (benzoic acid, m-phthalic acid, o-phthalic acid) to Tbcomplex should be tested. Moreover, it is surprising that a Ru-complex, a common indicator for oxygen sensors [120] [121] [122] has been used as reference but the possible effect of oxygen on its fluorescence properties has not been tested.
Future trends
The development of nanoscale materials for optical chemical sensing applications has emerged as one of the most important research areas of interest over the past decades. Nanomaterials exhibit highly tunable size-and shape-dependent chemical and physical properties, show unique surface chemistry, thermal and electrical properties, high surface area and large pore volume per mass unit area. Because of their unique and advantageous features they can help to improve sensitivity, response time and detection limit of sensors. Although the zero dimensional materials are applied in sensor design, the factors, such as matrix, indicator and immobilization technique still need to be considered in order to achieve the desired sensor's characteristics. In other words, if the matter is only to reduce the size to less than 100 nm, this does not consequently lead to improved sensor's characteristics. However, also the applications decide the type and the size of nanomaterials that will be used in the nanosensors' development.
Although today's promising nanosensors have unprecedented sensitivity, the selectivity can still be improved. This can be achieved by functionalisation of nanomaterials (e.g. by modifying the surface or by doping atoms). Suitable control of the properties and response of nanostructures can lead to new devices and technologies. Novel methods of fabricating patterned nanostructures as well as new device concepts are therefore being constantly discovered. An important area, which is currently still in its early stage, but is expected to emerge in the near future, is represented by the invivo sensors. Nanosensors offer the possibility to be permanently ingested or injected into the living body, where they can act as reporters of in-vivo concentrations of key analytes. These devices would have a capability for sensing and transmitting data to an external data capture system. In this respect, probes encapsulated by biologically localized embedding (PEBBLEs) are sub-micron sized optical sensors specifically designed for minimally invasive analyte monitoring in single cells with applications for real-time analysis of drug, toxin, and environmental effects on cell function. Their protective polymer matrix protects the cell from the indicator dyes toxicity, prevents interference from biomolecules, and provides a phase for complex sensing schemes. However, there must be taken into account also the dark side of in-vivo sensors where the prime concern is the retention of nanomaterials in the body and the harmful effect in the long run. The toxicity is dependent on the nanoparticles chemical (charge on the particle) and physical (size of particle) properties, and also on the material biocompatibility. Thus, synthesizing particles that are biocompatible and are cytotoxic only at very high concentrations is being aimed at.
Many interesting concepts and ideas for designing NSs can be found in the literature, but most of them do not fulfil all of the requirements for practical use. But, as more and more types of smart nanomaterials with unique and tunable properties continue to be invented, increasing numbers of efficient and selective nanosensors are expected to emerge. Sensors capable of detecting very low analyte concentrations for non-invasive and non-degenerative analyses in a wealth of different promising applications will be produced. As well, it is believed that the cost of individual sensors will be radically reduced and sensors will be more easily usable for the end-users. Moreover, other important challenges, such as development of fully engineered monitoring system requiring modules to collect the target molecules and bring them to the sensor, the nanosensor array to carry out detection, a mechanism to refresh and regenerate the nanosensor as needed, and data management capabilities to communicate any display the information as well as the sensors' longterm stability are expected to be fulfilled. An interesting task is the capability to distinguish among multiple chemical species in a sample stream, therefore the multi-target detection is possible through an emerged development of multy-analyte sensor arrays. In such a system, hundreds, thousands or even millions of high-sensitivity nanoscale sensing elements would be widely distributed to simultaneously monitor a large number of chemical, biological and radiological analytes in a given application, with increased reliability, sensitivity, accuracy and selectivity.
Nanoscience is an interdisciplinary area covering physics, chemistry, biology, materials, and engineering, therefore the field of nanosensors will continue to involve mutual interactions and collaborations among chemists, physicists, materials scientists and engineers. Future discoveries and applications of nanoscale sensing devices will continue to evolve, greatly enhancing our daily lives and likely to benefit various fields: industrial sectors, including chemical and electronic industries, manufacturing, health care, medical practice, environmental protection, military and homeland defense, networking and communications.
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